Many collaborative applications, especially in scientific research, focus only on the sharing of tools or the sharing of data. We seek to introduce an approach to scientific collaboration that is based on the sharing of knowledge. We do this by automatically building organizational memory and enabling knowledge sharing by observing what users do with a particular tool or set of tools in the domain, through the addition of activity and usage monitoring facilities to standalone applications. Once this knowledge has been gathered, we apply social networking models to provide collaborative features to users, such as suggestions on tools to use, and automatically-generated sequences of actions based on past usage amongst the members of a social network or the entire community. In this work, we investigate social networking models as an approach to scientific knowledge sharing, and present an implementation called genSpace, which is built as an extension to the geWorkbench platform for computational biologists. Last, we discuss the approach from the viewpoint of social software engineering.
Introduction
Collaborative work requires more than just sharing data (notes, files, documents, etc.) or tools (shared whiteboard, etc.). It requires knowledge sharing [14] . This is especially important for scientific researchers, be it domain knowledge (which analysis is appropriate for a given data set) or functional knowledge of a particular tool (which configuration will yield the best results).
A somewhat static approach to knowledge sharing is to have experts write online documentation or have a group of users create and maintain a knowledge base, e.g. a wiki. However, these sources of knowledge can quickly and easily become out of date and stale if they are not adequately and frequently maintained, and other users may not always trust the source of the information. Furthermore, different interpretations and variations of the knowledge may not be properly reflected.
Often times, particularly in scientific research, the tools that are used by researchers indirectly encapsulate this important knowledge, which could then be extracted based on observations of how someone actually uses the tool. For example, if a large number of users employ a particular tool to analyze a particular type of data, or configure an analysis tool in a particular way, it may be safe to assume that that represents knowledge that should be shared.
Our approach, therefore, is to automatically build organizational memory and enable knowledge sharing by monitoring what users do with a particular tool or set of tools, through the addition of activity and usage monitoring facilities to standalone applications. Assuming that a majority of users correctly use the tool(s), the system can then make this gathered knowledge available to novice users who are just getting started, or to intermediate users who need to become aware of advanced features of the tool(s); optionally, if a small subset of experts has the ability to annotate and correct the accumulated knowledge, that enhances its quality even further.
In order to make this knowledge available to end users, we expose it via social networking models, which have proven intuitive and easy to use. In this paper, we consider features of popular social networking applications and websites, and apply them to scientific collaboration. We also introduce an implementation of our approach, called genSpace, built on a tool used by researchers in computational biology. Last, we discuss the social software engineering implications of such an approach.
Background and approach
We are currently working with researchers at Columbia University's Center for Computational Biology & Bioinformatics (C2B2) and its MAGNet (Multiscale Analysis of Genomic and Cellular Networks) Center to explore new ways in which researchers in computational biology and bioinformatics can collaborate to exchange data, analyze results, and share knowledge. Prior online "collaboratories" for bioinformatics scientists include applications for tool sharing (e.g., BioCoRE [3] from UIUC) or for data sharing (e.g., Biological Systems Collaboratory (BSC) [8] from Pacific Northwest National Laboratory). These make it possible for researchers in this field to assist and understand each other without being physically colocated.
According to the computational biologists we spoke with, one drawback of the tool-centric and data-centric approaches to scientific collaboration is that they rely on the collaborators themselves to actively contribute to the community. We seek to overcome this obstacle by introducing an approach to collaboration that is based on automating the process of knowledge sharing. In particular, our goal is to make it easier for bioinformatics researchers to find answers to their own questions, based on the passive gathering of the collective knowledge of other users. We do not seek to replace the tool sharing and data sharing collaborative facilities, but rather enhance them by creating a repository of user knowledge that is transparently collected and can be mined to answer such questions as, What tools/datasets should I use to investigate this problem? Who do I know who also uses this tool/dataset? Which tools and datasets work well together? Where does this tool/dataset fit in a typical workflow? When did I previously use this tool/dataset? How can I get help (from an expert who is online right now)?
The approach to knowledge sharing described here is based on a "social networking" metaphor for collaborative work, taking a lead from such popular websites as Facebook, Netflix, and Amazon. Social networking facilitates collaborative filtering, by allowing users to get answers to questions like, What movies would I like? Who also likes this book? Which food and wine go together? Where does this song fit in a playlist? When was this restaurant last reviewed? How can I get help about this MP3 player? These social networking questions are analogous to those that come up in scientific collaboration, and have been identified by Carroll et al. as ways of creating communities of practice as a facet of activity awareness [6] .
Our implementation of this approach is called genSpace (a combination of "genomics" and "MySpace"), which is built as an extension to the geWorkbench [4] platform. This proof-of-concept includes such features as an expert finder, suggestions on analytical tools to use, and automaticallygenerated workflows based on past usage amongst the members of a social network or the entire community.
Implementation of genSpace
Many researchers in the field of computational biology use the geWorkbench tool [4] , a Java-based open-source platform for integrated genomics. Using a component architecture, it allows independently developed plug-ins to be configured into complex bioinformatic applications. At present there are more than 30 available plug-ins supporting the visualization and analysis of gene expression and sequence data; however, geWorkbench is purely a standalone application and does not have any collaboration capabilities. We have developed genSpace as a set of plugin components for geWorkbench, conceptually orthogonal to the others, and have also developed a central genSpace Server that stores the collected knowledge, performs data mining, and provides facilities for user interaction.
Summary of features
In order to provide collaboration facilities for geWorkbench, genSpace offers features including:
• Social Networking: allows users to associate with each other and share knowledge Note that all of the features listed here are likely to be applicable in many applications and domains, particularly for collaboration in other scientific research fields. That is, although many of the genSpace features grew out of requirements from our work with MAGNet and C2B2, the social networking metaphors used to enable collaboration in the domain of computational biology can also be applied to other domains, and the same benefits would follow. Furthermore, although genSpace users are using a specific set of software tools, the same approach could in particular be applied to the software developers who are developing such tools, be it in computational biology or other domains. It is this approach to collaboration and knowledge sharing, based on social networking metaphors, that is the main contribution of this work. 
Architecture
genSpace is implemented in a classic three-tier architecture, as shown in Figure 1 . It consists primarily of the genSpace Client, which is a set of Java plugin components in the geWorkbench application framework, a separate centralized genSpace Server (also implemented in Java), and a backend database.
In order to capture the data needed to enable the collaborative facilities, geWorkbench is instrumented to monitor and record usage information, particularly the use of analysis tools such as Hierarchical Clustering [12] , MEDUSA [25] , etc. The records include the user's name, the hostname of the system, the name of the analysis tool, the name of the dataset, and a timestamp. The usage logs are sent as XML files to the genSpace Server at pre-determined time intervals. Of course, geWorkbench users have the option of disabling this logging, or having their actions logged anonymously, in which case data mining and collaboration can still be done, even without identifying the source of the data. Once the logs are sent to the genSpace Server, the data is stored in a relational database, which is then later mined for event patterns.
Privacy concerns
Further investigation of the privacy and security aspects of genSpace will be required to ameliorate some concerns expressed by a few members of the geWorkbench user community. To date we have so far taken only initial measures to allow for user control of privacy (e.g. as mentioned above, users can choose anonymous logging or disable it entirely), but users may want to change the data that has already been collected, for example to anonymize data that previously was associated with them. Moreover, users may not want to be suggested as an expert or as a peer, or they may want to restrict the use of that data to people in their own networks. While genSpace does currently allow for some opt-in/optout and limitation features, users may not want their own usage history included in the data mining that is used to generate such suggestions. One possible approach is to use the overlapping social networks to drive data privacy rules, for instance to ensure that results are published only to friends in the social networks, and not inadvertently passed on to friends of friends. We intend to address these concerns in future work.
Security of the data will also need to be investigated, for instance to transmit and store the log files in encrypted form (though they will need to be unencrypted at the server for data mining). It may also be possible to use privacypreserving data formats to aid validation of analysis results (did someone else independently get the same result I did?) in the collaboration framework while retaining confidentiality and, when warranted, anonymity; this has previously been investigated in our lab for separate purposes (collaborative intrusion detection), as described in [27] .
Features
This section describes the main features to date of the genSpace system. Note that all of these concepts could also be applied to other applications in other domains, and are not necessarily tied only to computational biology.
Social Networking
Social networks form the foundation of genSpace. genSpace users can perform operations such as creating and joining networks, listing all the networks to which they belong, listing all public networks in the system, and maintaining lists of friends. Users can also find out who else is currently logged into genSpace, and lookup additional public information on other genSpace users (such as their email address) based on their login name. genSpace also allows users to find out which tools are most popular (by frequency of use) within a particular network or across all genSpace users.
Also, genSpace provides visualization of the social networks to which the user belongs, using an interface based on the HyperGraph [18] tool, shown in Figure 2 . This allows users to see the members of their networks, and see which other networks those users belong to. Nodes in the hyperbolic graph can be moved in the visualization to make it easier to read; future work in this area may include the abilitiy to highlight user IDs to show annotations, like their email address (if publicly available) or tools for which they are considered an expert. 
Collaborative workflow composition
A user of geWorkbench may be faced with the challenge of selecting a number of analysis and visualization tools for a particular data set, but also may not be certain of the proper order in which to execute them, or even which tools can be used together, regardless of order. We define a "workflow" as a sequence of execution of analysis tools in geWorkbench; genSpace supports the "collaborative composition" of workflows by investigating what other workflows have been performed in the past by other users and then suggesting one or more workflows based on previous activity. Note that whereas a "collaborative workflow" typically refers to a workflow whose constituent parts are executed by various sources working in collaboration, the collaborative composition of workflows refers to using organizational memory and history of collaboration to create a workflow, whose execution can then be performed by a single user (or conceivably multiple users, though this is not currently supported in geWorkbench).
The genSpace user requests a workflow suggestion by specifying an analysis tool that he or she wants to use, and then querying (via a UI component in geWorkbench) either for (1) the most common workflow starting with that tool, (2) the most common workflow including that tool, or (3) all workflows including that tool. genSpace then searches through all records of workflows and finds the results, which are weighted so that more recent workflows are given higher priority than workflows from further in the past (this is done using an exponential time-decay function; see [11] for more details); noise is eliminated by filtering out workflows that appear in only a small percentage of the results. Users also have the option of searching only workflows conducted by other users in their social networks.
The suggested workflows are displayed in geWorkbench When the user chooses to see all workflows including a given analysis tool, the results are displayed in a workflow relationship graph, as shown in Figure 4 . The specified tool is highlighted in yellow and is shown as a larger box than the other tools. Tools that tend to be towards the beginning of workflows are initially placed towards the left of the screen, and those that tend to be towards the end are placed towards the right, so that on average, workflows typically go from left to right. The vertical placement of the boxes is random, however, but the display allows the user to move the boxes for easier readability.
The display also allows the user to select and highlight other analysis tools (in addition to the one initially selected) so as to refine the graph and highlight only those workflows involving the selected tools. The number of corresponding workflows is indicated in the upper right of the display, and workflow paths are indicated with bold arrows. If a user knows that he or she needs to use a set of tools in a workflow, this allows for a way of expanding the search criteria so that only a small number of workflows are suggested.
We are currently looking into ways to enhance this important feature of genSpace. We have investigated the possibility of saving the search results and expressing the suggested workflow(s) as scripts for automation in geWorkbench. We also are considering ways to enhance the visualization, such as the use of weighted edges to indicate which workflows are more common, and providing additional information about the tools shown within the visualization, like links to online help and documentation, or advice on which genSpace users are the corresponding experts.
IM-based user interface
Almost all of the user interaction with genSpace can be performed via an Instant Messaging (IM)-based user interface, as previously explored in [7] . This design decision was made to keep the system in line with the social networking metaphor: as most social networks include some sort of real-time chatting feature, we thought it would make sense to allow the user to "chat" with the genSpace system, using the same interface that one uses to chat with human friends and collaborators.
As shown in Figure 1 , the genSpace Server includes a component built on the JClaim [21] API. This API allows for the development of an IM Server Bot that can be used over such popular IM networks as Yahoo! Messenger, Windows Live Messenger, or Google Talk. When users are logged into geWorkbench, they can communicate with the genSpace system through an integrated JClaim chat client (which supports multiple chat networks). Moreover, the IM Server Bot can be accessed regardless of the IM Client that is being used, so a user can use one of the native clients or a multi-network client such as Trillian to chat with genSpace, even when they are not using geWorkbench.
The genSpace Server does not support fully free-text input commands, but the complete listing of all valid commands is available from the genSpace Server by typing "help". Because of the use of a text-based interface, though, the genSpace Server performs some processing on the typed input, in case of any typing mistakes. The domain of valid input commands is limited so it is possible to accurately guess the user's intention even if the commands are not spelled correctly; we currently use custom-built code that employs such techniques as comparing edit distance and considering permutations. Thus, if a user types "my ntwrks", the genSpace Server can still detect that the user meant to type "my networks", which is the command for finding all the networks to which he or she belongs.
Of course, some users will not be comfortable with a command-line interface or may not want to use a chat client; we are currently implementing a separate geWorkbench plugin that will allow users to perform all of the social networking actions through a GUI component.
The JClaim API on which the genSpace IM Server Bot is based only supports a stateless request-response model of interaction for IM chatting, but we have modified it to allow the server to push messages to the clients, and to allow for stateful conversations; we intend to explore this further in future work. We are currently investigating ways to proactively send users suggestions based on current activity, or even to send a warning if there appears to be an anomaly in the way the user is working with geWorkbench. However, a feature like this must be wary of the possibility of a "Clippy Effect" [16] , in that unwanted or unwarranted messages may prove to be more annoying than helpful.
Peer suggestions
An important part of the social networking metaphor is to allow genSpace users to find other members of the community who are like them in some way. Although genSpace does not currently go so far as to suggest potential collaborators, as in [24] , which requires much more domain knowledge, genSpace does allow users to find others who have similar operational profiles in terms of patterns of analysis tool usage. This "friend finder" or peer suggestion feature works by looking at all of the analysis tools that the user has worked with, then looking at all users (either in the same social networks or in all of genSpace) who have used those same tools, and identifying the one who has the greatest number of tools in common (recent usage is weighted more so as to increase relevance). By doing so, genSpace allows users to locate and add these as "friends", and then possibly collaborate with -or at least get help from -them as they use similar tool sets.
Of course, this feature raises some questions around privacy concerns, as discussed above, as users may not want to be considered for peer suggestion or may not want other users to know which analysis tools they have used in the past. These issues will need to be investigated further, though users currently have the ability to control how data is collected about them and to opt out of being suggested as a peer.
Tool suggestions
In addition to suggesting peers, genSpace also can suggest individual analysis tools to users. This is particularly useful in numerous situations, for instance if a new analysis tool is made available, if the genSpace community finds that a tool is appropriate for a certain datatype and starts using it more, or in the cases where a user simply is unaware of a tool's existence.
The tool suggestion feature operates in a similar manner to the peer suggestion. Based on the analysis tools that the user has previously employed, genSpace finds all previous workflows including those tools, sorts the tools based on their frequency of use, and returns a ranked list of suggestions. Users can specify that certain tools not be included in the list of suggestions, for instance if they already know that they are not appropriate. As with the other genSpace features, the tools' frequency of use is weighted so that more recent invocations are more likely to appear that ones from further in the past. Additionally, users can also limit the scope of the search, if desired.
Expert finder
Many novice geWorkbench users will need help understanding the various analysis tools, or even getting started with geWorkbench itself. Of course, online documentation or training would be ideal for getting a user up to speed, though as noted above, online documentation can quickly become stale if not properly maintained. In order to augment any online documentation (which may not even exist), genSpace enables users to find experts on a particular analysis tool, based on other users' past history. Currently it uses a simple model of finding the user who has most often worked with the analysis tool in question, using a weighting such that more recent activity is considered more relevant than activity far in the past; users can also specify the scope of users in which to search for experts. When a user searches for an expert, genSpace indicates whether the expert is currently online (logged into genSpace) and provides the expert's login ID, so that he or she can be contacted over an IM chat network. If that user is not online, genSpace also provides the ID of the user with the most expertise who is currently logged in.
A variant of this feature can also be used to identify geWorkbench "power users", irrespective of the individual analysis tools. This simply looks for genSpace users who have been working with geWorkbench the most, regardless of which tools they have been using. These experts would be the ideal candidates to help out users who are new to geWorkbench in general.
Users who are labeled as experts or power users may not want genSpace to treat them as such. Therefore, they currently have the ability to opt out and not be considered when searching, as described above. Future work in this area could also include user ratings of experts or searching for experts by other criteria, such as combinations of tools (workflows) or specific data types.
Software engineering considerations
As this is ongoing work, we continually consider the different challenges faced in the engineering of such "social software", particularly in the case of retrofitting collaboration capabilities onto an existing application. As previously identified in [33] , one of the challenges is that the singleuser application (in our case, geWorkbench) must expose an API for capturing users' activities and associated data, otherwise potentially major modifications might be necessary to give the collaboration engine access to that information. We benefited from geWorkbench's component-based architecture and its publish/subscribe model for transmitting data between components; this meant that we required the geWorkbench developers to make only a minor change (approximately 145 lines of code), which then allowed us create a simple plugin to capture, record, and centralize information on users' activities. Note that this plugin, from an architectural perspective, was no different from any of the other plugins supported by geWorkbench.
We were also able to easily integrate IM capability and social network and workflow visualization into the application similarly because of geWorkbench's plugin architecture for user interface components; the addition of these features required no changes to geWorkbench whatsoever.
We therefore recommend that those who plan on enabling knowledge sharing capabilities in standalone applications use a publish/subscribe model for internal events within the application, and a component-based architecture for visual components to facilitate the easy creation of new user interface features. When this is not possible (for example, in existing applications without an exposed API), a multi-layer approach such as the one in [33] may be best for separating application functionality from collaboration functionality, though it will require more extensive changes to the application itself.
Related work
Tools like BSC [8] and BioCoRE [3] are similar in spirit to genSpace in that they provide collaborative features for bioinformatics researchers, but they do not provide the social networking capabilities, nor do they build on past usage history and organizational memory or provide recommendations based on those. This is where genSpace primarily differentiates itself from those tools.
Important components of genSpace are related to previous work in social networking and computer supported cooperative work, such as using IM bots as a user interface [7] , shared workflows and scripted processes [19] , expert finder utilities [15] [23] [31] [34] , and a limited chat-based tool for collaboration [28] . The KnoSoS project [10] also seeks to apply social networking concepts to knowledge sharing, by investigating how to create group boundaries and track content, but they do not specifically address scientific collaboration, and do not consider the modification of existing applications, as we do with genSpace. Additionally, the use of past history to generate workflows has been shown to be effective in performing procedural tasks in online environments [19] . These important works provide the foundation upon which parts of genSpace are built.
Others have conducted experiments on the effectiveness of many principles that genSpace espouses, such as ways of motivating contributions to the online community [2] , the psychology of collaborative technical help and help-giving [13] [30] , and using organizational memory for collaborative help [1] ; all of these are areas that could be investigated with genSpace in the future. Still others have looked at mechanisms of and rationale for "knowledge sharing", including but certainly not limited to ARPA's Knowledge Sharing Effort [26] , research into knowledge sharing in virtual communities [9] [17], and investigation of ways to visualize the merging of users' knowledge [20] . Carroll et al. in particular have looked at extending the idea of knowledge sharing (what they term "knowledge in common" [6] ) and investigating concept sharing, and eventually activity sharing and activity awareness techniques [5] . We are building on this work by looking at the challenges of applying it to collaboration in scientific research, taking into account the specific activities in that domain, and hope that our work contributes to this overall effort to explore the possibilities of knowledge sharing.
Future work
At the time of this writing, we have not yet been able to perform any empirical studies to demonstrate the usefulness of genSpace. However, the client-side event logging feature will be included in the next release of geWorkbench, and other aspects will be rolled out incrementally as we acquire more data that can be used to drive these features. After that future release, we hope to conduct user studies to gain a better understand of how computational biologists can benefit from such a knowledge sharing infrastructure.
A future prospective challenge in our implementation is that of concept drift [32] . Any recommendations constructed from what users have "done" in the past would likely lose significance and accuracy when users move on to "something new". Also, as users' interests change and familiarity with the tools grows, they may want to migrate to other social networks; thus, it may be suitable to create dynamic, ad hoc networks and then automatically add users to them.
Additionally, genSpace may also later include more indepth exploration of the social networking metaphor, such as the use of news feeds (possibly using RSS or Atom) or watch lists to get instant notificiation of the activities of other genSpace users. Also, aside from real-time chat, a bulletin board or email-like system could also be included, or the system could make recommendations on a sequence of tools to use (workflows), rather than just individual tools. Other collaboration features not necessarily related to knowledge sharing could include data sharing and tagging/annotating, distributed workflow management, and sharing of computational load [29] .
Most importantly, future work should consider the specific challenges of scientific collaboration with respect to the scientific process: gathering observable, empirical and measurable evidence through experimentation, and then formulating and testing a hypothesis in a reproducible manner. And, beyond that, to consider the effect that such challenges have on those of us in the social software engineering community.
Conclusion
We have presented an approach to scientific collaborative work that goes beyond data-and tool-sharing and uses social networking metaphors to enable knowledge sharing. We have also presented an implementation called genSpace, which is a system built on the geWorkbench tool for computational biology. We believe that other domains and other applications can benefit from this approach, particularly as social networking becomes more pervasive in everyday life, and knowledge sharing becomes more critical to successful scientific collaboration and other endeavors.
